An interpretation is given of the broadened EPR spectra of Gds+ ions, which are frequently observed in polycrystalline ceramics and glasses. A reasonable simulation of the spectra is obtained, when these are regarded as a superposition of a large number of normal EPR powder spectra, each of which can be described with the usual spin-Hamiltonian. These originate from the many different surroundings of the Gd3+ ions in these compounds due to the structural disorder. The result is, that only those transitions, which are independent of the zero field splitting parameters in the spin Hamiltonian, remain visible in the derivative spectrum. The interpretation is supported by the EPR powder spectrum of the Gd3+ doped compound CaHf,O,, which changes from broadened into clearly resolved, when the compound is ordered by an annealing process.
Introduction
At this laboratory the relation between the microstructure and the electric properties of ferroelectric ceramics such as Pb1_1.5$ La.Zrl-,Ti,O, (PLZT) hm been studied [l]. These materials all belong to the perovskite family ABO, (Fig. 1) and show a paraelectric-ferroelectric phase transition in conjunction with a structural phase transition. To explain the lowering of the phase transition temperature with increasing amounts of La3+ ions, these perovskites have been examined also by means of the E P R technique [2] . For that purpose a small percentage of the Pb2+ or La3+ ions was replaced by ad3+. The observed E P R powder spectra of these samples with x = 0 and y > 0. 8 (PZT) or with z < 0. 16 and y = 1 (PLT) have been explained successfully in terms of the zero field splitting parameters I32 by the usual spin Hamiltonian A where 0 : are the Stevens operators [3, 41. However, with increasing x or decreasing y, respectively, an increase of the linewidth is observed with respect to the E P R powder spectrum of Gd3+-doped PbTiO, [2] . Eventually this effect results in rather featureless H. J. A. KOOPMANS, M. M. A. PERIK, B. NIEUWENHUIJSE, and P. J. GELLINGS X-band powder spectra for the other PLZT materials. These spectra show a large line-broadening together with some sharp lines a t q , f f = 2 and -6, where g,ff = = hv/PH. I t is found that these powder spectra are not a t all characteristic of Gd3+-doped PLZT materials. The same spectra of Gd3+ ions have been observed in many other compounds at this laboratory, as long as there exists some disorder in the lattice (e.g. vacancies, random distribution of ions, etc.). They are also observed in glasses containing Gd3+ ions [ 5 , 61. Recently Cugunov and Kliava [7] have attributed this powder spectrum to a superposition of a spectrum due to a rather well defined site of the Gd3+ ions with rhombic or lower symmetry (geff x 6) and a broad Gaussian line arising from clusters of Gd3+ ions (geff = 2 ) . However, they did not explain, why there would be two totally different paramagnetic sites and why the line a t g,ff = 6 disappears as the frequency is increased [6] . Although it might be possible that the Gd3+ ions can form their own environment in glasses, this is not very likely in the PLZT materials, where the overall structure is well defined. Moreover, the above-mentioned frequency dependence of the powder spectrum is also found in the temperature dependence of the X-band spectra of the PLZT ceramics (see [Z], Fig. 2 ) , when the structure changes from tetragonal to cubic. This confirms that the observed powder spectrum is still related with the overall structure.
I n this research the broadened EPR powder spectrum is simulated on the basis of the assumption, that the ad3+ ions are present in a large number of different surroundings. These are due to the random distribution of the Pb2+ and La3+ ions and vacancies over the A positions and of the Zr4+ and Ti4+ ions over the B positions in the case of the PLZT perovskites. Then the broadened powder spectrum is a superposition of a large number of spectra, each of which can be described separately by ( l ) , but with different B2-parameters. Moreover, if this assumption is correct, the broadened E P R powder spectrum will split into several clear resonances, if it is possible to order the compound. A few of such compounds have been examined. I n some of these the orderdisorder phenomena have also been studied by Raman spectroscopy [S].
Theoretical Considerations
To obtain an exact simulation of the observed powder spectrum on the above described basis, it is necessary to calculate a large number of EPR powder spectra, each of which is defined by a different set of Bz-parameters. However, this is rather time-consuming, if not completely impossible. Therefore, the following procedure has been used to limit the calculations. A literature survey [9] has shown that the most important zero field splitting parameters are Bi and B E except for cubic EPR spectra. However, as stated by Cugunov and Kliava [7] , it is not possible to explain the broadened spectrum on the basis of a cubic splitting, because such large splittings giving rise to the line a t g,ff = 6 have never been found in a cubic environment. Although in principle it is not correct, a further simplification is made by assuming that Bg is also zero. This means that for convenience only axial spectra are considered hereafter, because the simulation of axial powder spectra is rather easy in comparison with the non-axial case [2, lo].
Thus, the broadened EPR powder spectrum is regarded as the sum of a large number of spectra, which differ only in the Bg-parameter. Bg-value will be about zero a t this temperature. With decreasing temperature the absolute value of the average @-parameter increases. If energetically there is no preference for a specific site, it is expected that the distribution of the ions over the different positions is statistically determined. Therefore, it is assumed that the distribution of the corresponding Bi-values can be described by a Gaussian function. Such a function is defined by a mean B$-value (B2 and a spread in the Bg-values (As$). Even with this simplified model a lot of computation time and core memory will be needed for a simulation. Therefore, the broadened EPR powder spectrum is approximated by the calcuIation of only one powder spectrum by means of (1) with B G = @, To account for the distribution in Bg-values, a Gaussian linewidth, which is proportional to dH,/dB$, is allotted to each resonance H,. Because the total intensity of each resonance has to remain constant irrespective of the attributed linewidth, the calculated intensity has to be taken inversely proportional to that linewidth [Ill. It follows that only those resonances are visible in the simulation, which are almost independent of the B$-
parameter. Other resonances are broadened too much and will not be visible in the derivate EPR powder spectrum.
Results
From the simulation of axial EPR powder spectra it is known that the probability to find a resonance between the magnetic field values H and H + AH is proportional to sin 0, where 6 is the angle between the magnetic field vector and the principal axis of symmetry, usually designated as the z-axis [ll] . Thus, the largest absorption is expected, when the magnetic field is oriented perpendicular to that x-axis. Therefore, it is reasonable to calculate the dependence of the b0,-parameter2) for the transitions of an S = + system a t this orientation firstly. The resonances and corresponding transition Fig. 3 it can be seen that the lines a t g,ff = 2 and 6 can be attributed to the marked transitions, because both are almost independent of the 60,-parameter. Unfortunately, the transition probability is zero for the line a t geff 6 at this orientation. However, this is not the case for angles close to 90" and due to the fact that dH,/dbg is almost zero a t these orientations too, its contribution to the powder spectrum can still be significant.
From Fig. 3 it is clear that the best mean 63-value of the distribution is about 4.2 x 10-2cm-1, because at that value dH,/dbg is also zero for the transition a t geff 2 . For this bg-value a simulation of the broadened EPR powder spectrum has been performed. Except for the variable linewidths, the same procedure for the simulation has been followed as described by Heilbron [el. Fig. 4 shows the result of the -.,-I calculafed measured 600 800 ' lmTl - cm-I) and bg (= 1 X lO-*cm-I). This is merely done, because they are always present in the spin Hamiltonian and should be regarded as a mean value taken from the literature. However, they have no substantial contribution to the simulation, because the splitting of the resonances due to these parameters is very sma,lI.
The success of the simulation indicates that the lines a t g,.f x 2 and = 6 are correctl y assigned. Although all orientations of 0 between 0 and 90" are included in the calculation, no other directions are found, which gave a pronounced contribution to the simulation, either because 8 is too small or dH,/dbg is too large. Thus, the simulation supports the idea that the broadened spectrum is due to disorder in the compounds. Therefore, several oxidic compounds, for which it was known that the ordering could be varied, have been investigated. All samples were synthesized as indicated in the cited literature. The most promising example of such a compound seemed to be the perovskite P~S C~.~T~~.~O~, which can be synthesized in a disordered as well as a completly ordered form [12]. However, it was not possible to prevent the format?on of a pyrochlore phase, which did not show any ordering. By changing the concentration of the Gd3+ ions it could be proven, that these ions initiated the formation of this phase. Several other systems, in which the order-disorder phenomena have been studied by means of Raman spectroscopy [8], have been investigated, too. However, no splitting of the broadened EPR powder spectra has been observed in most cases, because no significant order is obtained as e.g. in Y,Zr,O,, [13] . Only CaHf,OB shows the desired behaviour. The ordering process has been followed in this compound both by the EPR technique (Pig. 5 ) and by X-ray diffraction. As described by Delamarre [14] several order- 
Discussion
Although some features of the broadened EPR powder spectrum are correctly predicted by the simulation, it should be kept in mind that the procedure followed here is only an approximation. Because the transitions and corresponding transition probabilities are calculated from only one 68-value, it cannot be expected that all features of the observed powder spectrum can be explained in this way. However, it is clear that only those resonances are visible, which are independent of the bg-parameter. Therefore, the real distribution of the b0,-parameters remains obscure and the choice of a Gaussian distribution has not necessarily to be correct. I n this sense the mean b0,-value of 4.2 x c i i~-~ should not be seen as characteristic of the most occurring site of the Gd3+ ion, but merely as a proper choice for the simulation. From the fact that most transitions are broadened, it is obvious that the spread in the 60,-values is largc. However, the calculated spread in the &-values should be seen as an indication, especially because the dependence of the hi-parameter is neglected. Unfortunately, the transitions attributed to the lines at geff = 6 and = 2 arc not independent of this parameter. Therefore, the spread in b$-values might be smaller, although thc very large 6;-value found for Ca,Hf,O,, should also be taken into account.
Kevertheless the assignment of the broadened XPR powder spcctruin to a superposition of a large number of well-defined spectra explains all the observations. The disappearance of the line a t geff = 6 with increasing frequency is due to the fact that this is a "forbidden" transition with low transition probability. If the Zeeman term of (1) is large with respect to the crystal field term, then the transition probability reduces to zero. The same effect is observed in the temperature dependence of the spectra of the PLZT materials, where the overall structure transforms froni tetragonal to cubic (60, -+ 0). Moreover the idea is clearly supported by the change from a broadened EPR spectrum to a resolved one, when the compound CaHf,O, is ordered by annealing. The suggestion that there exists a limited number of well defined sites for the Gd3+ ions, as frequently made for glasses, should be rejected. The observed features in the broadened EPR powder spectrum are due to resonances, which are independent of the 6:-parameter. Therefore, no conclusions can be drawn about the sites of the Gd3+ ions. On the other hand, this effect explains adequately the observation of the same broadened EPR powder spectra of the Gd3+ ions in so many totally different host compounds.
-
